PURPOSE. The primary objective of the present study was to identify the kinetics and origin of ocular infiltrating T cells in a preclinical model of graft-versus-host disease (GVHD) that induces eye tissue damage.
PURPOSE. The primary objective of the present study was to identify the kinetics and origin of ocular infiltrating T cells in a preclinical model of graft-versus-host disease (GVHD) that induces eye tissue damage.
METHODS. Graft-versus-host disease was induced using an major histocompatibility complex (MHC)-matched, minor histocompatibility-mismatched hematopoietic stem cell transplant (HSCT) model. This approach, which utilized congenic and EGFP-labeled donor populations, mimics a matched, clinically unrelated donor (MUD) cell transplant. Systemic and ocular GVHD were assessed at varying time points using clinical examination, intravital microscopy, immune phenotype via flow cytometric analyses, and immunohistochemical staining.
RESULTS.
Following transplant, we observed characteristic changes in GVHD-associated immune phenotype as well as clinical signs present in recipients post transplant. Notably, the kinetics of the systemic changes and the ocular damage paralleled what is observed clinically, including damage to the cornea as well as the conjunctiva and lacrimal gland. Importantly, the infiltrate contained predominantly donor CD4 as well as CD8 T cells with an activated phenotype and macrophages together with effector cytokines consistent with the presence of a TH1 alloreactive population.
CONCLUSIONS. Overall, the findings here unequivocally demonstrated that donor T cells compose part of the corneal and ocular adnexa infiltrate in animals undergoing ocular GVHD. In total, the results describe a novel and promising preclinical model characterized by both systemic and ocular changes as detected in significant numbers of patients undergoing GVHD following allo-HSCT, which can help facilitate dissecting the underlying immune mechanisms leading to damage associated with ocular GVHD.
Keywords: ocular GVHD, T-cell infiltrates, allogeneic hematopoietic stem cell transplant A llogeneic hematopoietic stem cell transplantation (HSCT) has become the standard of care for the treatment of several life-threatening hematologic malignancies as well as certain immunodeficiency diseases. 1, 2 Unfortunately, as the survival rate of patients with these diseases is improved, the quality of life is negatively impacted by the development of graft-versus-host disease (GVHD). Graft-versus-host disease is a complex, multiorgan disorder arising from an immunologic attack by donor alloreactive T cells that result in damage to vital organs including the liver, skin, hematopoietic compartment, and the ocular surface of the eye. [3] [4] [5] [6] [7] Ocular GVHD occurs in >60% of these patients and is characterized by dry eye, conjunctiva damage, punctate keratopathy, corneal ulceration, and perforation. [8] [9] [10] [11] [12] Patients with ocular GVHD suffer and are incapacitated because of severe ocular discomfort, pain, and poor vision. 13, 14 Despite the high frequency of eye involvement in patients undergoing GVHD, little is known regarding the underlying immune mechanisms responsible for ocular GVHD, limiting the ophthalmic care of these patients to palliative therapies and global anti-inflammatory drugs.
Even though major advances have been made in the understanding of immune dysregulation in systemic GVHD, a critical question in the field is to understand the relationship between systemic and organ-specific GVHD. More specifically, a central unanswered question regarding systemic GVHD and subsequent damage in various tissues is the involvement of alloreactive and perhaps self-reactive responses, which have also been demonstrated post HSCT. [15] [16] [17] [18] [19] [20] Systemic acute and chronic GVHD has been extensively studied with the use of a number of murine models differing in donor and recipient Copyright 2015 The Association for Research in Vision and Ophthalmology, Inc. www.iovs.org j ISSN: 1552-5783 strain combinations, genetic disparities, and conditioning regimens. 21, 22 However, there are very few models that mimic the clinical ocular manifestations occurring, and most are associated with acute models of the disease. 23, 24 We wanted to identify a model in which ocular involvement is preceded by systemic GVHD to understand the immune mechanisms of ocular GVHD. Our group has developed a unique preclinical animal model in which lethally irradiated C3H.SW mice (H2 b ) infused with C57BL6 (H2 b ) T cells þ HSCT develop systemic and ocular GVHD with kinetics of onset similar to those observed in patients who develop eye complications with GVHD. The studies here demonstrate for the first time that ocular disease correlates with the presence of donor T cells in eye tissue and that this is also associated with the infiltration of macrophages (mU). In total, the present findings have identified alterations and pathology in the eye and adnexa reflective of ocular GVHD and unequivocally demonstrate the presence of donor T cells in the ocular surface.
METHODS Animals
All animal studies were conducted according to protocols approved by the University of Miami Animal Care and Use Committee and in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. C57BL/6J (B6) (H2 b ), C3H.SW (H2 b ), enhanced green fluorescent protein B6-EGFP transgenic (H2 b ), and B6-CXCR6 À/ÀEGFP (Bonzo/ STRL33) mice were obtained from Jackson Laboratory (Bar Harbor, ME, USA) and maintained in the animal facilities at the University of Miami School of Medicine. All mice used in experiments were 8 to 10 weeks old, free from ocular surface disease at baseline, and fed with a standard caloric diet for their age. The animals were routinely monitored prior to all procedures and until experiment end. ) were euthanized by cervical dislocation, and tissues were harvested and processed as previously described. 25, 26 Femurs and tibiae were removed from donor mice and bone marrow cells (BMCs) flushed with cold RPMI-1640 using a syringe fitted with a 26-gauge needle. Donor marrow inoculum (TCD-BM) was prepared using anti-Thy-1.2 Miltenyi MACS (San Diego, CA, USA) magnetic beads and negative selection to remove T cells, washed, and adjusted before transplant to 1 3 10 7 /mL. To prepare donor T cells, spleen and lymph node cells were incubated on anti-sIg-coated (Millipore, Darmstadt, Germany) plastic dishes for 45 minutes at 48C to remove B cells. Nonadherent cells were harvested, and a small aliquot was stained with anti-CD4 and anti-CD8 mAb (BD Pharmingen, San Diego, CA, USA) to determine precise percentage contributions. Cell suspensions containing donor bone marrow and T cells were adjusted in serum-free RPMI to the desired concentration (4.6 3 10 6 /mL) for intravenous (0.5 mL) injection (2.3 3 10 6 T cells/mouse).
Hematopoietic Stem Cell Transplantation

Flow Cytometry
Lymph nodes, spleens, and peripheral blood were collected, and single-cell suspensions were prepared in PBS þ 2% fetal calf serum þ azide. Corneas were harvested, pooled, and incubated in 13 PBS (pH 7.2-7.4) supplemented with EDTA (20 mM) for 15 minutes at 378C. After washing, corneas were sliced into small fragments and incubated with collagenase (82 units/ cornea; Sigma-Aldrich Corp., St. Louis, MO, USA) for 60 minutes at 378C. Following the incubation, the corneas were dissociated into single-cell suspension and filtered using cell strainers (BD Falcon, Franklin Lakes, NJ, USA). After one wash with staining buffer (13 PBS supplemented with 1% FBS and 0.1% sodium azide (Sigma-Aldrich Corp.), cells were stained for CD4, CD8, CD62L, and CD44 (eBiosciences, San Diego, CA, USA). Fluorescence-activated cell sorting (FACS) analysis of live lymphocytes was performed using Becton Dickinson LSRII and FACS Diva software (BD, San Jose, CA, USA) and FlowJo software (Tree Star, Ashland, OR, USA).
Systemic and Ocular GVHD Assessment
Systemic GVHD was assessed using two analyses. Peripheral blood (and lymph node and spleen tissue in some experiments) was harvested to assess immune phenotype characteristic of GVHD using fluorescent conjugated mAbs to analyze CD4/CD8 ratio and B cell levels (anti-CD19 mAb). Animals were also monitored for clinical changes characteristic of GVHD. The onset/presence of GVHD was monitored before the HSCT and then weekly by a modified version of a standard scoring system previously described by Cooke et al. 27 This system incorporates seven clinical traits: weight loss, posture, activity, fur texture, skin integrity, alopecia, and presence of diarrhea. Each trait was scored from 0 to 2, with a range from 0 to 14.
Ocular GVHD was assessed using two analyses. Corneal lysates were prepared as described above to assess immune phenotype characteristic of GVHD using mAbs to analyze CD4, CD8, CD62L, and CD44.
Clinical assessment was performed on all mice at baseline, and then weekly thereafter. Mice were anesthetized with isoflurane gas, and ocular surface was assessed using corneal fluorescein staining, performed by applying 3 lL of a 0.5% sodium fluorescein solution (Sigma-Aldrich Corp.) onto the eye. After washing with a balanced salt solution, the cornea was examined and photographed using an automated fluorescence microscope (Leica MZ16FA; Leica Microsystems, Wetzlar, Germany) and a cobalt blue light 2 to 3 minutes after fluorescein application. Punctate epithelial staining was scored using a previously described grading system in which the cornea is divided into five areas and a score is determined for each area, generating a clinical index with a maximum score of 15.
28,29
Histopathology and Immunohistochemistry
Mice were euthanized at 6 to 7 weeks after bone marrow transplantation. Eyes including the upper lids, conjunctiva, and fornix as well as lacrimal glands were harvested and embedded in OCT compound (Sakura Finetek USA, Inc., Torrance, CA, USA) and sectioned on a cryostat (Leica, Wetzlar, Germany) (À208C) at 8 lm thick and collected on microscope slides. Histopathology was performed with hematoxylin/eosin (H&E) staining on corneal sections in order to evaluate parameters such as corneal thickness, inflammatory cell infiltration, vascularization, and integrity of the corneal endothelium. Lacrimal glands were stained with H&E, periodic acid Schiff (PAS), and Masson's trichrome. The counting of conjunctival goblet cells was performed as follows: 8-lm sections were obtained from the superior conjunctiva of all animals. They were initially formalin fixed on the slides and then stained with PAS. Goblet cell count was performed in at least 10 sections for each eye, and the average number was used for statistical analysis.
Immunohistochemistry was performed using the following protocol. The sections were fixed with 3% formaldehyde for 25 minutes, then pretreated with a blocking solution containing 0.05% Tween 20 and 3% BSA in PBS for 1 hour at room temperature to saturate nonspecific binding sites. The sections were then incubated 1 hour at room temperature with the primary antibody CD4, CD8 (T cells), CD11b (monocytes/macrophages), and Ly6G (neutrophils) from BD Pharmingen diluted 1/100 in PBS-Tween and 1% BSA. Sections were then rinsed for 10 minutes in PBS-Tween and incubated with 1:2000 goat anti-rat Alexa Fluor 594 (Invitrogen, Carlsbad, CA, USA) for 1 hour at room temperature. The sections were washed for 10 minutes in PBS Tween (33) and 10 minutes in PBS (13), coverslipped with Vectashield with 4 0 ,6-diamidino-2-phenylindole (DAPI; Vector Laboratory, Inc., Burlingame, CA, USA), and photographed in a Zeiss universal microscope (Carl Zeiss, Oberkochen, Germany) equipped for incident-light fluorescence.
In Vivo Ocular Fluorescent Stereomicroscopy
Recipients of EGFP-labeled cell populations were evaluated at weekly time points using intravital fluorescent microscopy (Leica MZ16FA, EGFP 2 filter [excitation 480/40 nm, barrier 510 nm]), allowing measurement of EGFP expression in the cornea, which was quantified as mean green intensity (MGI) as described previously. 30 Photographs of the cornea were taken using the biomicroscope in a standardized fashion for all eyes. The image was analyzed using ImagePro software (Media Cybernetics, Rockville, MD, USA), and MGI was calculated for each cornea. 
Quantitative RT/PCR
Total RNA was isolated from corneas using the RNeasy kit (Qiagen, Valencia, CA, USA); then cDNA was generated with the Maxima First Strand cDNA Synthesis Kit (Fermentas, Thermo Fisher, Grand Island, NY, USA). Gene expression was measured by real-time quantitative PCR (qPCR) using various primers (see below). Quantitative PCR was performed using iQ SYBR Green Supermix (Bio-Rad, Hercules, CA, USA) on a Roche Light Cycler real-time PCR instrument (Roche, Indianapolis, IN, USA). Relative gene expression was calculated using the DDCt method, with gene expression normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expres- sion. Each treatment is represented as relative expression (i.e., fold expression over reference group), where the control sample served as the reference with a set value of 1. Primer pairs for cytokines were generated by IDT (Coralville, IA, USA). 
Statistical Analysis
The unpaired t-test was used to compare between control and experimental for fluorescein staining and conjunctival goblet cell score. Both eyes were evaluated for ocular surface staining, and the eye with the worse fluorescein staining score was selected for statistical analysis (note that the data were also statistically significant including both eyes or using the least affected eye). A P value of 0.05 was considered statistically significant. GraphPad Prism 5 (GraphPad Software, San Diego, CA, USA) was used for the analyses. (Table) . Several weeks post HSCT, animals receiving donor T cells lost weight and began to exhibit clinical signs characteristic of GVHD including ruffled fur, hunching, and diarrhea (Figs. 1A-C). Recipients were examined for additional immunologic phenotypes characteristic of GVHD including decreased splenic cell numbers and diminished B cells (Figs.  1D, 1E ). To monitor for changes in the ocular surface in recipients of HSCT, animals were anaesthetized and the corneal surface was assessed by clinical examination and fluorescein staining. Approximately 3 to 4 weeks following transplantation, increased fluorescein staining was observed only in the cornea of recipient mice that received donor T cells, and this progressed to corneal ulcerative lesions by~6 weeks ( Fig. 2A) . Quantitative analyses for corneal staining and clinical changes demonstrated a difference in the tempo of induction between systemic and ocular GVHD (Fig. 2B) . 
Histopathologic Damage of the Ocular Surface and Adnexa of Animals With GVHD
To begin to characterize the damage occurring in the ocular compartment of animals with GVHD, the eyes were assessed for histopathologic changes and cellular infiltrates (Fig. 3) . Histologic analyses demonstrated that only mice that developed systemic and ocular GVHD exhibited corneal thickening and epithelial irregularity, as well as dense inflammatory cell infiltrates (Fig. 3, left) . Immunohistochemistry revealed that multiple mononuclear cells had infiltrated the cornea as evidenced by CD11b þ -stained cells (which microscopically appeared to be macrophages) as well as CD4 þ and some CD8 þ T cells (Fig. 3) . The presence of Ly6G-staining cells supports the notion that monocytes and neutrophils may also contribute to the observed infiltrate. Analyses of ocular adnexa indicated that the fornix region of the conjunctiva appeared atrophic and goblet cells were reduced in density and number (Figs. 4A, 4B ). Hematoxylin/eosin-and Masson's trichrome-stained sections of the lacrimal glands revealed periductal fibrosis (red) and dense cellular infiltrates (black arrows), which consisted of predominantly macrophages (CD11b) and CD8 þ T cells together with some CD4 þ infiltrate (Fig. 4C, Supplementary Fig. S1 ). These data indicate that similar to ocular GVHD occurring in patients who undergo HSCT, all the structures of the ocular adnexa in this preclinical model of GVHD are involved and can lead to sicca and scarring. 31 ,32
Identification of Donor T-Cell Populations Infiltrating the Ocular Compartment in GVHD
Our findings above demonstrated the presence of immunologic cells recruited to the site of ocular inflammation. The presence of lymphoid cells in the ocular compartment could be the result of cells from three sources, that is, recipient, transplanted donor T cells, or transplanted donor stem cells that resulted in the production of de novo thymopoiesis. To determine if cells were of donor or recipient origin, transplants were performed using T cells derived from B6-EFGP mice (Table) . Recipient C3H.SW mice of transplants containing T cells from B6-EGFP donors together with marrow cells from congenic, GFP À CD45.1 donors developed ulcerative lesions, and GFP þ cells were clearly identified by intravital fluorescent microscopy of the eyes (Fig. 5) . Notably, the appearance of T cells was first identified 2 to 3 weeks post transplant and prior to corneal ulceration (Fig. 5, upper) .
To assess the relative T-cell subsets present, corneal lysates were prepared~6 weeks post HSCT and cells stained for CD4 or CD8 expression (Fig. 6) . The CD4/CD8 ratio is typically inverted in the periphery of these mice undergoing GVHD as evidenced in the spleen (Fig. 6 ) and other lymphoid tissue. However, the ratio of these T-cell subsets in the cornea and, interestingly, draining cervical nodes was not inverted, as evidenced by a slightly >1 ratio (Fig. 6) .
To determine the precise origin, that is, bone marrow and/ or transplanted T-cell source of the donor T cells, an experiment was performed using donor T cells from B6- 
CXCR6
À/ÀEGFP knock-in mice (i.e., Bonzo/STRL33), which express EGFP regulated by the CXCR6 promoter (Table) . Notably, high expression of EGFP was reportedly expressed on activated T-cell populations. 33 Importantly, C3H.SW recipients of B6-CXCR6 À/ÀEGFP T cells lost weight and exhibited clinical changes of systemic GVHD (data not shown) and also developed ocular GVHD characterized by ulceration and infiltrate of the cornea (Figs. 7A-C) . Moreover, ocular suspensions demonstrated the presence of GFP þ Ly9.1 À CD4 and CD8 T cells, confirming the presence of donor T cells in these recipients' eyes (Figs. 7D, 7E) . The relative CD4/CD8 ratio was as anticipated, slightly >1.0 (Fig. 7E) . In summary, these results unequivocally demonstrate that transplanted donor T cells populate the ocular compartment in recipients with GVHD. Interestingly, the ocular infiltrate also contained cells in the GFP fraction (Fig. 7F) demonstrating the presence of CD4 and CD8 T cells (Fig. 7G) . Also interestingly, these cells were Ly9.1 À (Table) and therefore presumably derived from neither transplanted donor T cells (EGFP þ ) nor the recipient (Ly9.1 þ ). To begin to characterize the inflammatory milieu associated with the development of ocular GVHD, RNA was prepared from ocular lysates obtained from C3H.SW recipients of B6 T cell-depleted bone marrow alone or B6 T cell-replete transplants. The data illustrate that IFNc, TNFa, and IL-6 message were significantly elevated in mice with ocular GVHD (Fig. 8) . In summary, the above findings illustrated that following allogeneic HSCT into MHC-matched allogeneic recipients, multiple populations of donor T cells are present in the ocular compartment that appear to be activated and derived from both donor-transplanted T cells and donor bone marrow. Based on the use of the Bonzo/STRL33 donors, some infiltrating cells appear to be activated. We then employed donor T cells obtained from a B6-CD90.1 (Thy1.1 þ ) congenic donor in an independent transplant experiment (Supplementary Fig. S1 ). The presence of Thy1.1 þ CD62L lo CD44 hi CD4 þ T cells (as well as CD8 þ , data not shown) in the corneal lysates of these recipients confirmed that activated donor T cells were present in the ocular compartment.
DISCUSSION
Ocular surface damage is a common occurrence in patients following allogeneic HSCT who develop GVHD. 8, 9, [11] [12] [13] [14] Despite this life-altering complication, little is understood regarding the precise mechanisms underlying the immunemediated pathogenesis. To understand the immune mechanisms responsible for the development of ocular GVHD, an MHC-matched minor histocompatibility-mismatched HSCT model that mimics matched unrelated donor (i.e., MUD) clinical transplants was developed in our laboratory. 25, 26 Although no specific minor histocompatibility antigens (mHags) have been defined in the strain combination employed in the present studies, following allogeneic T cellreplete HSCT between MHC-matched donor/recipient pairs (e.g., B6/C3H.SW), mHags are known to induce GVHD. 34 C3H.SW-transplanted mice with B6 T cell-depleted bone marrow and T cells developed systemic GVHD~3 weeks post HSCT as characterized by well-established immune phenotype (an inverted CD4/CD8 ratio and diminution of mature B cells). It is important to note that as a consequence of GVHD-induced damage to central lymphoid compartments, that is, the thymus and bone marrow, mechanisms responsible for central tolerance are compromised, which may promote the generation of autoreactive donor T cells. 20, 35 Importantly, these mice also developed ocular surface disease evidenced by progression of ocular surface damage characterized by increased corneal staining and ulceration by week 6. Within this context, it will be important to understand the underlying mechanism for ocular complications following allogeneic HSCT. Histologic analyses demonstrated that only mice that developed systemic and ocular GVHD exhibited corneal, lacrimal gland, and conjunctiva damage known to be a cause of sicca-mediated ocular injury. Although other ocular GVHD models have been reported to date, very few models mimic the clinical ocular manifestations occurring, and most are associated with acute models of the disease. 23, 24 Moreover, the immune mechanisms involved in this process are poorly understood. We have developed a murine model of systemic and ocular GVHD after T cell-replete haematopoietic stem cell transplant (AHSCT), with onset kinetics similar to those observed in patients who develop eye complications following clinical AHSCT. In total, we conclude promising model that we have begun to utilize to dissect the underlying immune mechanisms leading to damage associated with ocular GVHD in allogeneic HSCT.
To determine the precise origin of the lymphocytic infiltrate detected in the ocular compartment, EGFP-labeled donor T cells were utilized, and monitoring by intravital microscopy documented their presence in the eye. Interestingly, the tempo of this recruitment occurred prior (~2-3 weeks) to ulceration, suggesting that these cells may contribute directly or indirectly to the pathologic findings observed. Notably, cellular infiltrates also contained a population of Ly9.1 À /EGFP À (Table) cells derived from the donor bone marrow, and further analysis by immunohistochemistry identified a large number of CD11b þ macrophages (Fig. 3) , both of which could contribute to the damage occurring to the ocular surface. T cell-macrophage interactions could contribute to damage in other target tissues in GVHD. 36 We speculate that these are inflammatory macrophages, which may be the mediators of tissue damage including fibrosis in the ocular adnexa. Thus the interaction between T cell and macrophage populations is likely critical to this process and may represent novel targets for intervention for therapy. This is the initial report demonstrating the presence of donor T cells and macrophages in the ocular compartment, and therefore it will be important to determine if the infiltration of the latter is regulated by T cells. One explanation for the ocular pathology observed is that macrophages mediate damage, and we observed both inflammatory and effector cytokines including IL-6, TNFa, and IFNc lysates from affected eyes.
In the present study at the time points examined, we observed that the ocular infiltrating T cells are primarily from the donor inoculum. It may be notable that we also identified T cells apparently derived from donor stem cells. In any case, an interesting observation concerned the T-cell phenotype in the cornea and draining cervical lymph nodes (Fig. 3) . In contrast to systemic CD4/CD8 ratios, in which CD4 > CD8, T cell infiltrates into the cornea and draining lymph nodes did not reflect this subset relationship in that there was a distinctly higher proportion of CD4 T cells. In this context it may be notable that we performed transplants using only CD4 donor T cells, and similar results systemically and locally were observed (Perez VL and Levy RB, unpublished observations, 2014). To further characterize the donor T-cell infiltrate we exploited the use of CXCR6-EGFP knock-in mice (i.e., Bonzo/STRL33).
These mice express EGFP regulated by the CXCR6 promoter, and notably high EGFP levels are preferentially expressed on activated and memory T cells. 33 The mice employed in the present studies were homozygous and have been reported by other groups to mediate reduced hepatic GVHD. 37 Despite this deficiency, in the mHag-mismatched model used here, GVHD was induced as indicated in Figure 7A . We have also employed these mice to characterize T-cell recruitment into the eye during corneal allograft rejection and identified the presence of activated T cells. 38 Similarly in this model of GVHD, we found CXCR6-EGFP donor T cells consistent with a role for these lymphocytes in induction of ocular GVHD, an observation confirmed using an independent (CD90.1 þ CD44 hi CD62L lo ) donor. Interestingly, the identification of these T cells supports the notion of the local presence of activated T cells with a TH1 effector phenotype (i.e., IFNc and TNFa) consistent with an antihost alloreactive population. In fact, this profile is similar to that observed in tear fluid of patients undergoing ocular GVHD. 39 These T cells may be directly and/or indirectly involved with tissue damage and in orchestrating the recruitment and activation of pathogenic macrophages. 36 The primary objective of the present study was to identify the kinetics and origin of ocular infiltrating T cells in a preclinical model of GVHD inducing eye tissue injury. 21 Overall, the findings here demonstrated that mature T cells from the transplanted donor population, as well as some originating from the transplanted marrow, reached the ocular compartment in animals undergoing GVHD. In total, the results describe a novel and promising preclinical model characterized by both systemic and ocular changes following allo-HSCT, which will facilitate dissecting the underlying immune mechanisms leading to damage associated with ocular GVHD. Because most allo-HSCT are performed in patients with leukemia and lymphoma, the present model should help in development of locally administered therapies to regulate ocular complications while minimizing global immunosuppression permitting graft versus leukemia (GVL) responses.
